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The  electrochemical  activities  of  three  bimetallic  Pt-M  (M  =  Fe,  Co,  and  Ni)  catalysts  in  methanol  oxi¬ 
dation  have  been  investigated.  An  efficient  approach  including  chemical  oxidation  of  carbon  nanotubes 
(CNTs),  two-step  refluxing,  and  subsequent  hydrogen  reduction  was  used  to  thoroughly  disperse  bimetal¬ 
lic  nanopartilces  on  the  oxidized  CNTs.  Three  catalysts  with  a  similar  Pt:M  atomic  ratio,  Pt-Fe  (75:25), 
Pt-Co  (75:25),  and  Pt-Ni  (72:28),  were  prepared  for  the  investigation  of  methanol  oxidation.  The  Pt-M 
nanoparticles  with  an  average  size  of  5-10  nm  are  uniform  and  cover  the  surface  of  CNTs.  Cyclic  voltam¬ 
metry  showed  that  the  three  pairs  of  catalysts  were  electrochemically  active  in  the  methanol  oxidation.  On 
the  basis  of  the  experimental  results,  the  Pt-Co/CNT  catalyst  has  better  electrochemical  activity,  antipoi¬ 
soning  ability,  and  long-term  cycleability  than  the  other  electrocatalysts,  which  can  be  justified  by  the 
bifunctional  mechanism  of  bimetallic  catalysts.  The  satisfactory  results  shed  some  light  on  how  the  use 
of  Pt-Co/CNT  composite  could  be  a  promising  electrocatalyst  for  high-performance  direct  methanol  fuel 
cell  applications. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Fuel  cells  have  been  hailed  as  an  important  power  source  for  the 
future  because  of  their  high  energy  conversion  efficiency  and  low 
environmental  pollution  [1-6].  The  conversion  of  chemical  energy 
into  electricity  in  direct  methanol  fuel  cells  (DMFCs)  requires  the 
development  of  better  catalysts  to  improve  the  cell  performance. 
It  is  generally  recognized  that  pure  Pt  electrocatalysts  are  prone 
to  poisoning  by  CO  since  the  CO  molecules  can  chemically  adsorb 
onto  the  Pt  surface  and  block  the  active  sites  [7-9].  As  a  result, 
Pt  catalysts  rapidly  deactivate  owing  to  the  formation  of  Pt-CO 
species  in  the  electrooxidation  of  methanol.  To  date,  the  devel¬ 
opment  of  bimetallic  catalysts  usually  consists  of  a  primary  metal 
that  has  a  high  performance  in  catalytic  activity  and  a  secondary 
metal  that  can  enhance  the  catalytic  activity  or  prevent  poison¬ 
ing  problems.  It  has  been  shown  that  bimetallic  PtRu  catalysts 
enable  the  reduction  of  CO  poisoning  [8-16].  The  role  of  ruthe¬ 
nium  is  to  dissociate  water  to  produce  adsorbed  OFI  species,  which 
react  with  CO  adsorbed  on  the  Pt  surface  to  generate  C02.  More 
recently,  an  attempt  to  increase  the  activity  by  alloying  Pt  with  a 
second  metal  such  as  Sn  [17],  Co  [18-20]  and  other  metals  [21-23] 
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has  been  reported.  The  appearance  of  the  second  metals  exhibited 
a  remarkable  improvement  in  CO  tolerance  and  electrochemical 
activity.  Moreover,  the  presence  of  a  second  element  more  abun¬ 
dant  could  contribute  to  decreasing  of  costs  associated  with  Pt 
[18]. 

To  improve  the  electrochemical  activity,  a  common  approach 
has  been  used  to  uniformly  deposit  bimetallic  catalysts  onto  a 
carbon  support.  Commercial  anode  catalysts  in  DMFCs  are  fre¬ 
quently  PtRu  nanoalloys  coated  on  carbon  black  in  the  form  of 
well  dispersion  of  Pt5oRu5o  particles  [8].  There  has  been  increasing 
interest  in  multiwalled  carbon  nanotubes  (CNTs)  as  heteroge¬ 
neous  catalyst  supports  [8-15,24],  owing  to  their  high  porosity 
and  high  electrical  conductivity.  Flowever,  the  role  of  deposition 
of  bimetallic  catalysts  on  CNT  supports  in  the  improvement  of 
electrochemical  activity  in  methanol  oxidation  has  not  yet  been 
clearly  elucidated.  Our  pervious  study  has  shown  an  efficient  way 
to  deposit  electrocatalysts  on  the  sidewalls  of  CNTs  [9,25,10].  Proper 
dispersion  of  the  catalysts  on  CNTs  would  enhance  the  reaction 
kinetics  and  activity  for  methanol  oxidation,  since  CNTs  have  a 
unique  one-dimensional  structure.  This  work  aims  to  demonstrate 
the  electrochemical  characterization  of  Pt-M/CNTs  electrocatalysts, 
including  the  onset  potential,  electrochemical  activity,  and  cycle 
stability  in  methanol  oxidation.  These  results  would  shed  some  light 
on  the  replacement  of  novel  metal  catalysts  by  using  transition  met¬ 
als,  and  on  how  the  introduction  of  transition  metals  in  bimetallic 
catalysts  enhances  the  electrochemical  performance  of  methanol 
oxidation. 
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2.  Experimental 

2  A.  Synthesis  ofPt-M/CNT  composites 

The  procedure  for  growing  different  types  of  Pt-M  (M  =  Fe,  Co, 
and  Ni)/CNT  composites  can  be  described  as  follows.  In  this  study, 
multiwalled  CNTs  (purity:  >99%;  outer  diameter:  30-50  nm;  length: 
5-10  |jim)  were  prepared  by  a  catalytic  chemical  vapor  deposition 
technique,  using  ethylene  and  Ni  particle  as  the  carbon  precur¬ 
sor  and  catalyst,  respectively.  A  chemical-wet  oxidation  in  nitric 
acid  enabled  the  implantation  of  surface  oxides  such  as  carboxylic 
(-COOH),  carbonyl  (-C=0),  and  hydroxyl  (-C-OH)  groups  on  both 
ends  and  defects  of  CNTs  [26,27].  The  oxidized  CNT  samples  were 
well  dispersed  in  3N  nitric  acid  at  90  °C  for  2  h.  After  that,  oxidized 
CNT  samples  were  rinsed  with  distilled  water  several  times  until 
the  pH  value  of  the  carbon  slurry  was  higher  than  5.  Then  the  CNTs 
were  heated  at  150  °C  under  an  Ar  atmosphere  for  1  h. 

The  two-step  chemical  reflux  process  led  to  the  deposition  of 
bimetallic  catalysts  on  oxidized  CNTs.  The  first-step  refluxing  was 
applied  to  deposit  the  primary  catalyst  (Pt),  followed  by  the  second 
reflux  that  was  used  to  coat  the  secondary  catalyst  (Fe,  Co,  and  Ni)  to 
form  binary  metallic  catalysts.  Oxidized  CNTs  ( 1  g)  were  mixed  with 
a  0.1  M  PtCl4-5H20  (Alfa  Aesar)  aqueous  solution  at  ambient  tem¬ 
perature  for  8  h.  The  first-step  reflux  was  preformed  at  110  °C  for  8  h, 
using  50  mL  of  ethylene  glycol  as  reduction  agent.  Next,  Pt-coated 
CNT  composites  were  separated  from  ethylene  glycol  solution  by 
using  a  filtration  apparatus.  A  thermal  reduction  process  was  car¬ 
ried  out  in  tubular  reactor  at  500 °C  under  5vol.%  H2  atmosphere 
to  ensure  reduction  of  Pt  particles.  The  second-step  refluxing  was 
also  conducted  at  110  °C  for  8  h.  The  Pt-attached  CNTs  were  placed 
in  different  ionic  salts:  1  M  Fe(N03)2,  Ni(N03)2  and  Co(N03)2.  The 
reflux  process  allowed  the  uniform  coating  of  transition  metals  on 
the  Pt  surface.  Finally,  hydrogen  reduction  was  carried  out  in  tubu¬ 
lar  reactor  at  350  °C  under  5  vol.%  H2  atmosphere  for  reduction  of 
bimetallic  Pt-M  catalysts. 

These  Pt-M/CNT  samples  were  characterized  by  transmission 
electron  microscope  (TEM,  Hitachi  H-7500)  and  X-ray  diffraction 
(XRD)  with  Cu  Ka  radiation,  using  an  automated  X-ray  diffrac¬ 
tometer  (Shimazu  Labx  XRD-6000).  The  TEM  study  was  carried  out 
using  a  microscope  operating  at  200  kV.  The  CNT  samples  for  the 
TEM  analysis  were  prepared  by  ultrasonically  dispersing  the  cata¬ 
lyst  powders  in  ethanol.  A  drop  of  the  suspension  was  applied  onto 
a  carbon-coated  copper  grid  and  was  dried  in  air.  The  XRD  scans 
were  investigated  at  2  min-1  for  20  values  between  20°  and  100°. 

2.2.  Electrochemical  measurements  ofPt-M/CNT  electrodes 

The  as-prepared  Pt-M/CNT  composites  were  used  for  fabrication 
of  electrodes.  Prior  to  the  electrochemical  tests,  each  CNT  sam¬ 
ple  was  added  to  a  solution  of  poly-vinylidenefluoride  (PVdF)  in 
N-methylpyrrolidinone  (NMP),  and  the  mixture  was  then  mixed 
at  ambient  temperature  to  form  a  carbon  slurry.  Electrodes  were 
prepared  by  pressing  the  slurry  on  stainless  steel  foils  with  a 
doctor  blade,  followed  by  evaporating  the  solvent,  NMP,  with  a 
blower  dryer.  The  carbon  layer,  which  consisted  of  10wt.%  PVdF 
and  20wt.%  graphite  powder  (size:  20-30  pan)  as  the  binder 
and  conducting  material,  respectively,  was  adjusted  to  have  a 
thickness  of  150  p.m.  Electrochemical  measurements  were  inves¬ 
tigated  at  ambient  temperature  using  1M  H2S04  +  0.5M  CH3OH 
as  the  electrolyte  solution,  using  a  CHI  608  electrochemical  work¬ 
ing  station.  A  Pt  wire  was  used  as  the  counter-electrode,  and 
a  saturated  calomel  electrode  (SCE)  was  used  as  the  reference. 
The  working  electrodes  were  constructed  by  coating  the  CNTs 
onto  a  stainless  steel  foil  (as  current  collector).  Cyclic  voltam- 
metric  (CV)  measurements  of  the  Pt-M/CNT  composite  electrodes 
were  performed  in  the  potential  range  of  0-1 V  vs.  SCE  with  a 


sweep  rate  of  10  mV  s_1.  All  electrochemical  measurements  in  this 
study  were  conducted  under  N2  atmosphere  at  ambient  tempera¬ 
ture. 

3.  Results  and  discussion 

3.1.  Morphology  and  crystalline  structure  ofPt-M/CNT 
composites 

Typical  SEM  images  for  each  pair  of  the  bimetallic  nanoparticles 
deposited  on  oxidized  CNTs  are  shown  in  Fig.  l(a)-(d).  The  metal 
nanoparticles  are  homogeneously  dispersed  on  the  surface  of  CNT 
support.  In  comparison,  the  average  sizes  of  bimetallic  Pt-M  par¬ 
ticles  are  found  to  be  very  close  to  that  of  Pt,  indicating  a  good 
incorporation  of  transition  metals  into  the  Pt  catalyst.  An  analysis 
of  energy-dispersive  spectroscopy  (EDS)  shows  that  the  element 
compositions  of  the  bimetallic  catalysts  are  Pt-Fe  (75:25),  Pt-Co 
(75:25),  and  Pt-Ni  (72:28).  This  result  can  be  attributed  to  the  fact 
that  the  surface  oxidation  followed  by  the  two-step  refluxing  tech¬ 
nique  leads  to  the  preparation  of  a  well-defined  atomic  ratio  of 
bimetallic  electrocatalysts. 

Fig.  2(a)-(c)  shows  the  results  of  XRD  for  each  pair  of  the  bimetal¬ 
lic  nanoparticles  deposited  on  CNTs.  It  is  known  that  pure  Pt  has  a 
face-centered  cubic  (fee)  structure.  The  peaks  at  20^40°  and  47° 
can  be  characterized  with  the  (111)  and  (2  0  0)  planes,  respectively 
[28],  of  the  fee  structure  of  platinum.  In  addition,  other  diffraction 
peaks  are  characterized  to  different  types  of  transition  metals  (i.e., 
Fe,  Co,  and  Ni),  confirming  different  pairs  of  Pt-M  catalysts  on  CNTs. 
With  the  addition  of  different  types  of  transition  metals,  the  diffrac¬ 
tion  peaks  of  binary  Pt-M  catalysts  lead  to  broaden  and  shift  to 
higher  26  values  [3].  As  shown  in  Fig.  2(b),  the  26  of  the  (111)  peak 
for  all  Pt-M  particles  at  around  40.2°  shows  a  slight  shift,  when 
compared  with  pure  Pt  at  39.95°.  The  same  trend  is  replicated  for 
Pt  (2  2  0)  diffraction.  The  26  of  the  (2  2  0)  peak  for  Pt-M  particles  is 
found  to  have  a  higher  value  of  68.1°  than  67.8°  for  pure  Pt  catalyst, 
demonstrated  by  the  observation  of  Fig.  2(c). 

The  average  particle  size  of  the  bimetallic  catalysts  can  be  calcu¬ 
lated  through  XRD  patterns  according  to  Scherrer’s  formula  [29,30] : 

,  0.9A 

“XRD  =  -Q - — — n  l 1 ) 

P\/2  cose 

where  dxRD  is  the  average  particle  size  (nm),  A  the  wavelength  of 
X-ray  (0.15406  nm),  6  the  angle  at  the  peak  maximum,  and  /31/2 
is  the  width  (radians)  of  the  peak  at  half  height.  The  calculated 
mean  sizes  according  to  the  diffraction  peak  of  Pt  (1 1 1)  are  col¬ 
lected  as  follows:  6.26  nm  (Pt),  6.74 nm  (Pt-Fe),  6.74 nm  (Pt-Co), 
and  6.78  nm  (Pt-Ni).  After  the  deposition  of  transition  metals,  the 
larger  crystalline  size  can  be  attributed  to  one  possible  reason  that 
the  two-step  chemical  reduction  generates  core-shell  (Pt-M)  crys¬ 
talline  structures.  Since  the  transition  metals  cover  over  Pt  particle, 
this  leads  to  enlarge  the  size  of  the  bimetallic  particles. 

Bright-field  TEM  images  for  CNTs  decorated  with  different  pairs 
of  bimetallic  nanoparticles  are  given  in  Fig.  3(a)-(d).  These  images 
show  that  the  original  CNTs  have  an  average  outer  diameter  of 
30-50  nm  and  a  wall  thickness  of  ~10nm.  The  homogeneous  dis¬ 
tribution  of  small  and  uniform  dark  spots  corresponds  to  Pt-M 
particles,  which  only  form  on  the  sidewalls  of  CNTs.  Generally, 
the  aggregation  of  alloy  nanoparticles  is  not  apparent,  and  these 
nanoparticles  are  highly  dispersed  on  the  CNTs.  All  bimetallic 
nanoparticles  display  a  very  narrow-size  distribution,  showing  an 
average  particle  size  of  5-10  nm.  Again,  this  deposition  of  uniformly 
dispersed  metallic  and  bimetallic  nanoparticles  on  CNTs  is  believed 
to  be  the  result  of  uniform  surface  functional  sites  on  all  nanotubes 
that  can  be  created  in  the  chemical-wet  oxidation  of  nitric  acid 
[25], 
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Fig.  1.  SEM  images  of  different  types  of  Pt  and  Pt-M/CNT  samples:  (a)  Pt,  (b)  Pt-Fe,  (c)  Pt-Co,  and  (d)  Pt-Ni.  The  scale  bar  is  100  nm. 
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20  (degrees) 
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Fig.  2.  (a)  X-ray  diffraction  patterns  of  different  types  of  Pt  and  Pt-M/CNT  samples, 
showing  characteristics  crystalline  faces  of  Pt  and  transition  metals.  The  peak  of  C 
was  identified  as  graphite  from  CNTs.  X-ray  diffraction  patterns  of  (b)  Pt  (1 1 1)  and 
(c)  Pt  (2  2  0)  for  different  types  of  Pt  and  Pt-M/CNT  samples. 


Fig.  3.  TEM  images  of  different  types  of  Pt  and  Pt-M/CNT  samples:  (a)  Pt,  (b)  Pt-Fe, 
(c)  Pt-Co,  and  (d)  Pt-Ni. 
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32.  Methanol  oxidation  ofPt-M/CNT  electrocatalysts 

The  methanol  oxidation  investigation  for  Pt-M/CNT  electrocat¬ 
alysts  was  evaluated  by  using  CV  experiments.  Fig.  4(a)-(d)  shows 
cycle  voltammograms  for  CNT  electrodes  decorated  with  bimetal¬ 
lic  Pt-based  catalysts  in  1  M  H2S04  +  0.5  M  CH3OH  at  a  sweep  rate 
10  mV  s-1 .  The  CV  scans  start  from  open-circuit  potential  and  sweep 
within  the  entire  potential  region  between  0  V  and  1  V  vs.  SCE.  As 
shown  in  the  CV  curves,  typical  feature  of  methanol  oxidation  is 
observed  for  all  Pt-M/CNT  catalysts.  However,  we  observe  that  the 
CV  profile  is  significantly  affected  by  the  types  of  bimetallic  cata¬ 
lysts.  Typically,  two  oxidation  peaks  on  Pt/CNT  catalyst,  which  are 
related  to  the  oxidation  of  methanol  and  intermediates,  appear  at 
0.67  V  and  0.50  V  vs.  SCE,  respectively.  With  an  increase  in  the  cycle 
number,  the  oxidation  peaks  almost  maintain  the  same  potentials. 
The  forward  scan  is  attributed  to  methanol  oxidation,  forming  Pt- 
adsorbed  carbonaceous  intermediates,  including  CO  and  C02.  This 
adsorbed  CO  causes  the  loss  of  activity  of  the  electrocatalyst.  The 
reactions  can  be  expressed  as  follows  [21  ]: 

Pt  +  CH3  OH  ->  Pt-COads  +  4H+  +  4e"  ( 1 ) 

CH3OH  +  H20  -*  C02  +  6H+  +  6e"  (2) 

The  backward  oxidation  peak  (as  shown  in  reaction  (3))  can  be 
attributed  to  the  additional  oxidation  of  the  adsorbed  carbonaceous 
species  to  C02: 

Pt-COads  +  H20  -*  Pt  +  C02  +  2H+  +  2e-  (3) 

Based  on  the  above  deduction,  the  ratio  of  the  forward  peak  current 
(If)  to  the  backward  peak  current  ( Jb )  reflects  the  ratio  of  the  amount 
of  methanol  oxidized  to  carbon  dioxide  to  the  amount  of  carbon 
monoxide. 


As  for  Pt-M/CNT  catalysts,  two  oxidation  peaks  show  an  obvious 
shift  within  30  cycles.  After  30  cycles,  the  oxidation  peaks  of  differ¬ 
ent  types  ofPt-M/CNT  catalysts  are  given  as  follows:  Pt-Fe  (0.84  V 
and  0.70  V  vs.  Ag/AgCl),  Pt-Co  (0.68  V  and  0.48  V  vs.  Ag/AgCl),  and 
Pt-Ni  (0.75  V  and  0.52  V  vs.  Ag/AgCl).  This  difference  between  the 
oxidation  peaks  reveals  that  the  performance  of  methanol  oxidation 
is  strongly  dominated  by  different  pairs  of  Pt-M  catalysts.  The  result 
indicates  that  the  addition  of  transition  metals  leads  to  a  higher 
anodic  peak  potential,  resulting  in  the  delay  of  methanol  oxidation. 
The  phenomena  become  more  evident  especially  for  Pt-Fe  catalyst. 
However,  the  other  catalysts  (Pt-Co  and  Pt-Ni  catalysts),  just  show 
a  little  influence  in  comparison  with  the  pure  Pt  catalyst. 

An  observation  from  Fig.  4(a)-(d)  is  that  the  current  densi¬ 
ties  of  methanol  oxidation  are  significantly  enhanced  after  the 
introduction  of  transition  metals,  e.g.,  Pt  (300  mAg-1)<  Pt-Fe 
(3150  mAg-1)<  Pt-Ni  (4050  mAg“1)<  Pt-Co  (5075  mAg-1)  at  the 
30th  cycle.  Obviously,  Pt-Co/CNT  exhibits  the  best  electro¬ 
catalysis  performance  in  methanol  oxidation.  Additionally,  it 
is  noted  that  the  onset  of  methanol  oxidation  has  the  fol¬ 
lowing  order:  Pt/CNT  (0.17  V)<  Pt-Co/CNT  (0.18  V)>Pt-Ni/CNT 
(0.19  V)>Pt-Fe/CNT  (0.21V),  as  listed  in  Table  1.  It  is  generally 
recognized  that  the  onset  potential  can  be  an  indicator  in  deter¬ 
mining  the  electrochemical  activity  for  methanol  oxidation  [1,6]. 
This  sequence  reveals  that  the  first  three  catalysts,  Pt,  Pt-Co,  and 
Pt-Ni,  show  a  fairly  good  electrocatalysis  capability  in  the  methanol 
oxidation. 

Another  important  index,  Jf/Jb  ratio,  in  evaluating  the  activity  of 
methanol  oxidation  is  shown  in  Table  1 .  Basically,  a  higher  Jf/Jb  value 
represents  a  relatively  complete  oxidation  of  methanol,  producing 
carbon  dioxide  [1  ].  In  other  words,  this  ratio  essentially  reflects  the 
fraction  of  the  catalyst  surface  that  is  not  poisoned  by  CO  adsorption 
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Fig.  4.  Cyclic  voltammograms  of  methanol  electrooxidation  on  different  types  of  Pt  and  Pt-M/CNT  electrodes:  (a)  Pt,  (b)  Pt-Fe,  (c)  Pt-Co,  and  (d)  Pt-Ni.  Measurements  were 
performed  in  1  M  H2SO4  +  0.5  M  CH3OH  with  a  scan  rate  of  10  mV  s-1  and  each  arrow  in  the  figures  indicates  an  increase  of  cycle  number. 
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Table  1 

Comparison  of  electrochemical  activities  of  the  catalysts. 
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and  can  be  used  to  measure  the  catalyst  tolerance  to  CO  poison¬ 
ing  [6].  We  observe  from  Table  1  that  all  bimetallic  Pt-M  catalysts 
exhibit  high  Jf/Jb  values  by  at  least  8-40%  higher  than  that  in  pure 
Pt  catalyst  at  the  first  cycle.  Such  high  current  ratio  represents  that 
most  of  the  intermediate  carbonaceous  species  can  be  oxidized  to 
carbon  dioxide  in  the  forward  scan  on  Pt-M/CNT  catalysts  [1  ].  After 
30  cycles,  Pt-Co/CNT  catalyst  still  has  the  highest  Jf//b  value  of  1.03, 
which  is  higher  than  that  in  the  Pt/CNT  catalyst  ( Jf/Jb  ratio :  0.87).  The 
corresponding  value  of  the  Pt-Co  catalyst  is  an  indication  of  reduced 
CO  poisoning  when  compared  with  that  in  the  pure  Pt  catalyst. 

The  current  ratio  is  commonly  used  to  compare  long-term  cat¬ 
alytic  activity  between  different  pairs  of  Pt-M  catalysts.  This  cycle 
stability  of  electrocatalysts  for  methanol  oxidation  is  the  crucial 
factor  in  practical  application  of  DMFCs  [4].  Fig.  5  shows  the  long¬ 
term  cycleability  of  various  catalysts  in  aqueous  electrolyte  of 
1  M  FI2SO4  +  0.5  M  CH3OH.  Among  these  catalysts,  the  Jf/Jb  ratio  of 
Pt-Co/CNT  catalyst  maintains  the  highest  value  of  1.01  after  100 
scans,  thus  confirming  an  excellent  tolerance  to  CO.  Since  the  cur¬ 
rent  density  of  the  oxidation  peak  in  anodic  scan  is  almost  equal 
to  that  in  the  cathodic  scan,  this  implies  that  the  voltammetric 
currents  mostly  arise  from  the  direct  oxidation  of  methanol  into 
C02.  However,  the  values  of  Jf//b  are  only  0.78,  0.80,  and  0.89  for 
Pt/CNT,  Pt-Fe/CNT,  and  Pt-Ni/CNT  catalysts,  respectively.  Based  on 
the  above  results,  including  the  onset  potential  of  methanol  oxida¬ 
tion,  forward  peak  potential,  and  ratio  of  the  forward  anodic  peak 
current  to  the  reverse  anodic  peak  current  ( Jf/Jb ),  it  can  be  concluded 
shown  that  Pt-Co/CNT  catalyst  has  the  greatest  catalysis  ability  in 
the  electrochemically  oxidation  of  methanol. 

3.3.  Possible  mechanism  of  methanol  oxidation  on  Pt-M/CNT 
electrocatalysts 

On  the  basis  of  the  above  experimental  results,  Pt-Co/CNT  cat¬ 
alyst  has  better  electrochemical  activity,  antipoisoning  ability,  and 
long-term  cycleability  than  in  the  other  three  electrocatalysts.  This 


Fig.  5.  Variation  of  If/Ib  ratio  with  cycle  number  for  all  electrocatalysts. 


enhancement  of  the  performance  can  be  explained  by  two  postu¬ 
lations,  which  should  consider  adsorption  properties  of  CO  and  OH 
surface  species.  According  to  the  bifunctional  theory  [31],  an  effi¬ 
cient  catalyst  favors  CO  adsorption  on  Pt  and  OH  formation  takes 
place  on  the  second  metal.  For  Pt-Ru  catalyst,  Pt  is  the  most  facile 
for  methanol  dehydrogenation  because  of  its  ability  to  easily  strip 
hydrogen  from  the  carbon,  whereas  dehydrogenation  of  water  is 
more  facile  on  Ru  [22].  Hence,  the  binary  combination,  atomic  ratio 
of  Pt:Ru  (1:1),  yields  the  best  overall  activity  for  methanol  oxidation. 
Regarding  Pt-Co  catalyst,  two  possible  pathways  for  CO  adsorption 
and  OH  formation  can  be  proposed,  according  to  the  bifunctional 
mechanism.  CO  adsorption  mainly  occurs  on  Pt,  while  OH  species 
easily  interact  with  Co  surface,  when  compared  with  Pt-Ru  cata¬ 
lyst.  Here  the  secondary  metal  (i.e.,  cobalt)  is  believed  to  promote 
electrocatalytic  activity  and  moderate  the  poisoning  of  Pt  catalyst 
by  supplying  OH  or  other  oxygen-containing  groups.  Since  Co  skin 
covers  over  the  Pt  core  by  a  two-step  chemical  reduction  process, 
the  OH  formation  would  take  place  preferentially  on  the  Co  surface. 
Thus,  the  proximity  of  CO-  and  OH-adsorbed  species  facilitates  the 
enhanced  effect  of  CO  oxidation  on  Pt-Co  catalyst,  leading  to  a  high- 
level  of  CO-tolerance  in  methanol  oxidation.  Meanwhile,  Pt-Co 
catalyst  appears  to  offer  more  active  surface  sites  for  methanol  oxi¬ 
dation  because  of  the  activation  of  surface  coverage  of  adsorbed 
species. 

The  second  explanation  is  another  type  of  the  similar  bifunc¬ 
tional  effect.  Before  the  deposition  of  the  bimetallic  catalyst, 
chemical-wet  oxidation  in  nitric  acid  generates  a  large  amount  of 
surface  oxides  on  the  sidewalls  of  CNTs.  The  remaining  oxides,  such 
as  carboxylic  and  hydroxyl  groups,  would  aid  in  the  regeneration  of 
Pt-COads  sites  [4],  depicted  as  follows: 

CNT-OH  +  Pt-COads  -*  CNT  +  Pt  +  C02  +  H+  +  e"  (4) 

The  above  reaction  illustrates  the  other  pathway  to  strip  adsorbed 
CO  from  the  poisoned  Pt  sites.  It  is  generally  known  that  CNT  defects 
with  high  reactivity,  e.g.,  dangling  bonds,  are  easier  to  be  oxidized 
to  oxygen-containing  groups  at  low  potential.  The  introduction  of 
transition  metals  in  the  bimetallic  catalyst  reduces  the  required 
potential  for  water  electrolysis  and  thus  the  associated  carbon  oxi¬ 
dation  [32].  The  reaction  is  tentatively  expressed  as 

CNT  +  Pt-Co  +  H20  -*  CNT-OH  +  Pt-Co-H  (5) 

The  functional  surface  oxides  would  be  generated  continuously 
on  CNT  defects  during  CV  scans,  thus  limiting  CO  poisoning.  The 
presence  of  cobalt  would  promote  the  combined  effect  of  water  dis¬ 
sociation  and  CO  oxidation,  creating  a  larger  number  of  active  sites 
for  methanol  oxidation.  However,  an  optimal  Pt-Co  atomic  ratio 
on  improvement  of  catalyst  activity  and  methanol  electrooxidation 
still  needs  deeper  investigation. 

To  confirm  the  long-term  performance  of  various  Pt-M/CNT  cat¬ 
alysts  toward  methanol  oxidation,  a  chronoamperometry  test  at  a 
constant  potential  of  0.45  V  vs.  Ag/AgCl  was  conducted  for  a  period 
of  10  h.  Fig.  6  shows  the  chronoamperometry  curves  for  all  catalysts 
in  aqueous  electrolyte  of  1  M  H2SO4  +  0.5M  CH3OH.  In  the  ini¬ 
tial  stage,  all  potentiostatic  currents  are  found  to  decrease  rapidly, 
corresponding  to  the  formation  of  intermediate  species  such  as 
COads,  CH3OHads,  and  CHOads  during  methanol  oxidation  reaction 
[33].  After  a  long  period  of  4  h,  the  current  decay  becomes  gradual 
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Fig.  6.  Current-time  curves  for  methanol  oxidation  at  0.45  V  all  electrocatalysts. 

and  then  remains  stable.  This  long  time  decay  is  attributed  to  the 
fact  that  surface-adsorbed  S042-  anions  on  the  bimetallic  catalysts 
would  restrict  methanol  oxidation  reaction  [34].  The  steady-state 
polarization  curves  reveal  that  the  stable  current  of  Pt-Co/CNT  elec¬ 
trode  is  higher  than  in  the  other  three  catalysts.  This  result  indicates 
that  Pt-Co  catalyst  has  the  highest  electrocatalytic  activity  toward 
electrooxidation  of  methanol  and  stability,  which  is  identical  with 
the  results  of  CV  measurements.  This  proves  that  bimetallic  Pt-Co 
catalyst  seems  to  be  a  promising  candidate  for  the  DMFCs  applica¬ 
tions. 

4.  Conclusions 

In  this  paper  we  have  demonstrated  an  efficient  fabrication  of 
bimetallic  Pt-M  (M  =  Fe,  Co,  and  Ni)  catalysts  in  the  electrooxida¬ 
tion  of  methanol,  using  oxidized  CNTs  as  the  catalyst  support,  and 
ethylene  glycol  and  hydrogen  as  the  reduction  agents.  Under  our 
experimental  conditions,  three  catalysts  with  a  similar  Pt:M  atomic 
ratio,  Pt-Fe  (75:25),  Pt-Co  (75:25),  and  Pt-Ni  (72:28),  were  pre¬ 
pared  for  the  investigation  of  methanol  oxidation.  SEM  and  TEM 
analyses  showed  that  highly  dispersed  bimetallic  binary  nanopar¬ 
ticles  were  deposited  over  the  surface  of  CNTs  with  no  obvious 
particle  agglomeration.  The  bimetallic  particles  were  found  to  fall 
within  the  region  of  5-10  nm.  Study  of  the  electrooxidation  of 
methanol  on  the  catalysts  showed  that  all  the  three  pairs  of  catalysts 
have  higher  specific  activity  than  that  of  pure  Pt/CNT  catalyst.  On 
the  basis  of  the  CV  results,  Pt-Co/CNT  catalyst  exhibited  the  highest 


electrochemical  activity,  CO  tolerance,  and  long-term  cycleability. 
This  enhancement  of  the  catalytic  abilities  can  be  attributed  to  the 
bifunctional  mechanism  of  bimetallic  catalysts.  The  chronoamper- 
ometry  test  also  showed  that  Pt-Co/CNT  catalyst  has  the  highest 
current  density  and  excellent  stability  in  the  long  run  among  the 
other  three  catalysts.  The  fact  that  the  design  of  bimetallic  Pt-M 
catalysts  in  fabricating  Pt-M/CNT  electrodes  enhances  the  electro¬ 
chemical  activity  in  methanol  oxidation  has  a  positive  impact  on 
the  development  of  DMFCs. 
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